Introduction
Extinction-based exposure therapies remain the mainstay in the treatment of anxiety disorders, such as phobias and posttraumatic stress disorder, but relapse of maladaptative fear or anxiety is a frequent clinical occurrence (Keane et al., 2006) . Elucidation of the neural bases of fear inhibition represents, therefore, the best hope for the identification of novel target mechanisms to treat anxiety disorders (Davis et al., 2006; Holmes and Quirk, 2010) . Over the past years, a number of studies have indicated that fear extinction relies on a complex network of excitatory and inhibitory microcircuits, mainly involving the amygdala, medial prefrontal cortex (mPFC), and hippocampus (Quirk and Mueller, 2008; Ehrlich et al., 2009) . Within the amygdala, the basolateral complex (BLA) and the intercalated cell masses (ITCs) appear as two pivotal regions implicated in the acquisition and consolidation of extinction (Paré et al., 2004; Herry et al., 2010) . The ITCs, in particular, may represent an important mediator of extinction because they (1) receive information about sensory stimuli from BLA and thalamus (Royer et al., 1999; Vertes and Hoover, 2008) , (2) are under control of the mPFC (McDonald et al., 1996; Amano et al., 2010) , and (3) give rise to inhibitory projections to the central medial nucleus (CEm) (Paré and Smith, 1993; Royer et al., 1999; Geracitano et al., 2007) , the main output area of the amygdala for the expression of conditioned fear responses. Moreover, evidence that activity in ITC clusters is critical for fear extinction was obtained recently with the ablation of ITC neurons located in the intermediate capsule, which resulted in extinction retrieval deficits (Likhtik et al., 2008) .
ITCs have been described as densely packed GABAergic neurons surrounding the BLA (Millhouse, 1986; McDonald and Augustine, 1993) and are generally regarded as a functionally coherent but dispersed bundle of neurons. However, to date, a detailed functional and anatomical characterization of ITCs that takes in consideration their specific connectivity and cytoarchitecture or neurochemistry has not been undertaken. Moreover, the functional homogeneity of ITC clusters has also been challenged by the finding that, in a mouse strain deficient at extinguishing conditioned fear, the medial paracapsular ITC cluster (Imp) showed a differential pattern of neuronal activation compared with other clusters (Hefner et al., 2008; Whittle et al., 2010) . These data raise the question whether distinct ITC clusters, such as the main ITC nucleus (IN), differently participate to fear expression or extinction. Our primarily incomplete knowl- It is useful for detection of Egr-1 p82 of mouse, rat, and human origin by Western blotting, immunoprecipitation, immunofluorescence, and solid-phase ELISA. Hefner et al., 2008; Whittle et al., 2009 Reactions performed for light microscopy are indicated by small letters, whereas reactions performed for electron microscopy are indicated by capital letters. MOR, opioid receptor; KLH, keyhole limpet hemocyanin; a, b, c, d, e, o, Light microscopy, biotinylated anti-rabbit; f, light microscopy, anti-guinea pig Alexa Fluor 488 and Cy3-streptavidin; g, light microscopy, anti-rabbit Cy3, and anti-guinea pig Alexa Fluor 488; h, i, light microscopy, anti-rabbit Alexa Fluor 488 and Cy3-streptavidin; l, light microscopy, anti-mouse Alexa Fluor 488 and Cy3-streptavidin; m, n, light microscopy, anti-rabbit Alexa Fluor 488 and Cy3-streptavidin.
edge of the intrinsic organization of ITCs prevents, at present, a mechanistic explanation of the possible contribution to different fear states of discrete ITC clusters as well as their participation to amygdala microcircuits. Thus, we sought to elucidate the structural and cellular organization as well as intrinsic connectivity of the Imp in the mouse, by combining whole-cell patch-clamp recordings and biocytin labeling with full anatomical reconstruction and ultrastructural analysis of synaptic contacts. In addition, we have studied whether inhibitory monosynaptic connections exist between clusters within the intermediate capsule and whether distinct ITC clusters display a differential functional activation in fear conditioning, extinction, or retrieval of extinction.
Materials and Methods

Animals
All procedures involving animals were performed according to methods approved by the Austrian Animal Experimentation Ethics Board (Bundesministerium fü r Wissenschaft und Verkehr, Kommission für Tierversuchsangelegenheiten) and the United Kingdom Home Office and were in compliance with the European convention for the protection of vertebrate animals used for experimental and other scientific purposes (ETS number 123). Every effort was taken to minimize animal suffering and the number of animals used. For this study, both C57BL/6N (Charles River) and glutamate decarboxylase 65 (GAD65)-green fluorescent protein (GFP) transgenic mice were used. Details on the generation of GAD65-GFP mice have been published previously (Ló pez-Bendito et al., 2004) .
Immunohistochemistry and three-dimensional reconstruction
Three C57BL/6N adult male mice (25-30 g) were deeply anesthetized by intraperitoneal injection of 0.15 ml/mouse Thiopental (50 mg/ml; Sandoz) and perfused with 0.9% saline for 30 s, followed by ice-chilled fixative made up of 4% paraformaldehyde w/v (PFA) (Agar Scientific) and 15% of a saturated picric acid solution v/v in phosphate buffer (PB) (0.1 M, pH 7.4) for 15 min. Brains were immediately removed from the skull, and tissue blocks containing the amygdala were cut on a Vibratome (VT1000S; Leica Microsystems) in 40-m-thick consecutive coronal sections collected in six separate wells. Sections contained in the first well were stained with cresyl violet, whereas all the other slices were processed for immunocytochemistry (for a complete list of antibodies used and reactions, see Table 1 ) according to the avidin-biotinylated horseradish peroxidase complex (ABC-HRP) (Vector Laboratories) method for free-floating sections as described previously (Kaufmann et al., 2009) . For each mouse brain, pictures of the amygdaloid region of both hemispheres were taken with a Carl Zeiss Axioimager M1 light microscope equipped with a Hamamatsu ORCA-ER CCD camera (Hamamatsu) using a 5ϫ, 0.16 numerical aperture (NA) objective and displayed by the Openlab software (version 5.5.0; Improvision). Threedimensional (3D) reconstructions of amygdaloid nuclei and ITC clusters were made using the software OpenCAR (Contour Alignment Reconstruction, version 1.5.7; http://opencar.ulster. ac.uk) as reported previously (Sätzler et al., 2002) . Briefly, images were superimposed, aligned, and adjusted by translation, rotation, and scaling to match the cresyl-violet-stained sections. The borders of nuclei and clusters identified by the immunohistochemical reactions were marked on each section using closed contour lines and interpolated in 3D by tetrahedra using a Delaunay-based reconstruction algorithm based on the estimated average section thickness (Sätzler et al., 2002) . The total volume of the ITC clusters and other amygdaloid nuclei has been calculated using the OpenCAR program as the sum of the volumes of all tetrahedra constituting each 3D-reconstructed area.
Acute slice preparation, electrophysiological recordings, and light microscopy analysis of ITC neurons
Acute coronal slices were prepared from C57BL/6N and GAD65-GFP mice (postnatal days 15-25). Animals were decapitated under isoflurane (de Olmos, 1990) . The clusters observed laterally and dorsally to the BLA, previously known as paralaminar nucleus (Amaral and Price, 1984) , showed no apparent cellular continuity in mouse and were thus named Ilp (dark green) and supralateral cluster (Is LA , pink), respectively. A small cluster inside the LA was also observed and termed intralateral cluster (Ii LA , light green). C-H, Representative micrographs of consecutive sections (bregma levels, Ϫ1.46 to Ϫ1.70) of the IN, Imp, and Ilp visualized through different immunohistochemical stains:
, and GABA-IR (H ). Despite each ITC cluster receiving a relatively strong catecholaminergic innervation (TH-IR), as reported previously in rat (Fuxe et al., 2003; Muller et al., 2009) anesthesia (Abbott Laboratories). Brains were rapidly removed and placed in an ice-chilled artificial CSF (ACSF)-sucrose solution containing the following (in mM): 75 sucrose, 87 NaCl, 2.5 KCl, 0.5 CaCl 2 , 7 MgCl 2 , 1.25 NaH 2 PO 4 , 25 NaHCO 3 , and 25 glucose (VWR International), pH 7.3 (saturated with 95% O 2 , 5% CO 2 ). Slices (350 m) were cut on a vibratome (VT 1000S; Leica Microsystems) and transferred to a nylon mesh in a chamber containing the same solution where they were maintained at 37°C for 30 min before returning to room temperature (RT) (24 -26°C) for another 30 min. During this time period, the ACSFsucrose solution was substituted with normal ASCF [containing in mM: 130 NaCl, 24 NaHCO 3 , 3.5 KCl, 1.25 NaH 2 PO 4 , 2.5 CaCl 2 , 1.5 MgSO 4 , and 10 glucose pH 7.3 (saturated with 95% O 2 , 5% CO 2 )] at a rate of 4 ml/min. Acute slices were transferred to a submersion-type recording chamber with temperature control superfused with ACSF (rate of 1-2 ml/min) and visualized with a 10ϫ, 0.3 NA or a 40ϫ, 0.8 NA (Carl Zeiss) water-immersion objective coupled with infrared and differential interference contrast optics linked to a video camera (Newvicon C2400; Hamamatsu). Somatic whole-cell patch-clamp recordings were performed from visually identified cells using borosilicate glass capillaries (GC120F, 1.2 mm outer diameter, 4 -6 M⍀; Clarke Electromedical Instruments), pulled on a DMZ puller (Zeitz-Instrumente GmbH), and filled with a filtered intracellular solution consisting of 126 mM potassium gluconate, 4 mM KCl, 4 mM Mg-ATP, 0.3 mM Na-GTP, 10 mM Na 2 -phosphocreatine, 10 mM HEPES, and 0.5% w/v biocytin (all from Sigma-Aldrich), osmolarity of 270 -280 mOsm/L without biocytin, pH 7.3 with KOH. IPSCs were evoked after extracellular monopolar stimulation using a patch pipette filled with ACSF, in the presence of kynurenic acid (3 mM; SigmaAldrich). The IPSCs were evoked at a holding potential of Ϫ65 mV and had a reversal potential of Ϫ90.4 mV. An input-output protocol was performed (range used, 5-50 A, step of 5 A). The kinetic data refer to responses evoked by "minimal stimulation" intensity. All electrophysiological signals were amplified (10 mV/pA; EPC9/2 amplifier; Pulse software; Heka), filtered at 2.9 kHz, and digitized at 5 or 10 kHz. Data analysis of the membrane passive and active responses was performed as described previously (Geracitano et al., 2007) . The evoked IPSC peak amplitude (in picoamperes), latency (in milliseconds), 20 -80% rise time (in milliseconds), and decay time (in milliseconds) were analyzed with a user-defined program in IGOR.
After electrophysiological recording, slices were immersed in a fixative solution, containing 4% PFA w/v, 15% of a saturated picric acid solution v/v and 0.05% glutaraldehyde v/v in PB, for ϳ24 h at 4°C. Slices were then embedded in a block of 10% gelatin in deionized H 2 O and resectioned in consecutive 60 m sections that were later processed for immunofluorescence according to previously published procedures (Ferraguti et al., 2004) . Briefly, after resectioning, sections were cryoprotected overnight with 20% sucrose (Merck KGaA) in Representative action potential of moderate width evoked by a depolarizing current pulse (1000 pA for 3 s) and used to determine the action potential half-width and amplitude. B 3 , The adaptation index was estimated on the bases of the sustained firing pattern obtained in response to a longer current stimulus (50 pA for 1 s). B 4 , A stronger depolarizing current pulse (150 pA for 1 s) was elicited to calculate the maximal firing rate. Scale bar, 50 m. 0.1 m PB, rapidly frozen in liquid N 2 , and thawed with 0.1 M PB at room temperature, repeated twice. Sections were then incubated free floating for 1 h at RT in a blocking solution containing 20% normal serum (NS) in Tris-buffered saline (TBS) (0.9% NaCl, pH 7.4) and, afterward, for 48 h at 4°C with primary antibodies (Table 1 ) diluted in TBS plus 1% NS. After several washes in TBS, sections were incubated with appropriate secondary antibodies conjugated to Alexa Fluor 488 (1:1000; Invitrogen) and, to visualize the biocytin, with streptavidin-cyanine 3 (Cy3) (1:1000; Vector Laboratories). Sections were mounted on slides in Vectashield (Vector Laboratories) and examined using a Carl Zeiss Axioimager M1 microscope equipped with epifluorescence illumination. Images were recorded through a Hamamatsu ORCA-ER CCD camera (Hamamatsu) and analyzed and displayed using the Openlab software (Improvision). Brightness and contrast were adjusted for the whole frame, without changing any specific features within.
After immunofluorescence analysis, sections were extensively washed in TBS, and filled neurons were then revealed by the ABC-HRP reaction as described previously (Geracitano et al., 2007) . Some recorded and filled neurons were further processed for electron microscopy (see below), whereas others were counterstained with 0.5% cresyl violet acetate (Sigma). Camera lucida reconstruction of confirmed ITC neurons was performed using a drawing tube mounted onto a Carl Zeiss Axioplan2 microscope with a 40ϫ, 0.8 NA objective.
To calculate the volume of neuronal somata (considered as spheroids), we used the following formula: V ϭ (4/3 ϫ max 2 ϫ min), in which max is the maximal radius and min the minimal radius.
Pre-embedding electron microscopy of recorded and filled neurons
Some recorded slices were processed for electron microscopy as mentioned above. After revealing the biocytin by ABC-HRP reaction, contrast was enhanced using 2% osmium tetroxide v/v (Agar Scientific) in 0.1 M PB for 40 min at RT and 1% uranyl acetate w/v (Agar Scientific) in 50% ethanol for 30 min at RT. The sections were then dehydrated in increasing gradients of ethanol, immersed in propylene oxide, and embedded in epoxy resin (Durcupan ACM; Sigma-Aldrich) on greased glass slides. Regions of interest were dissected under a stereomicroscope and reembedded in Durcupan ACM. Serial ultrathin sections (70 nm) were cut with an ultramicrotome (Ultracut S; Leica Microsystems) and collected on Formvar-coated copper slot grids. The ultrastructural analysis of the specimens was performed using a Philips CM 120 electron microscope equipped with a Morada CCD TEM camera (Soft Imaging Systems).
Fear conditioning and immediate-early gene expression
Adult male C57BL/6N mice (12-16 weeks) were housed (four to five per cage) side-by-side under controlled temperature (22 Ϯ 2°C) and humidity (50 -60%) on a 12 h light/dark cycle (lights on, 7:00 A.M.).
Experiment 1: ITC neural activation patterns after fear expression and fear extinction. Fear conditioning and extinction was performed as described previously (Hefner et al., 2008) . Mice were fear conditioned in a 26 ϫ 30 ϫ 32 cm chamber with transparent walls and a metal rod floor (context A). After a 120 s acclimation period, an 80 dB white noise [conditioned stimulus (CS)] lasting 30 s was paired in the last 2 s with a 0.6 mA scrambled footshock [unconditioned stimulus (US)] three times (120 s interpairing interval). Mice were returned to the home cage after a 120 s no-stimulus consolidation period after the final pairing. Twentyfour hours later, groups of mice were subjected to either fear expression (one CS presentation; n ϭ 6) or fear extinction (15 CS presentations; n ϭ 6) in a novel context (context B) (26 ϫ 20 ϫ 13 cm cage, cleaned with a 100% ethanol, illuminated to 10 lux). After a 120 s acclimation period, mice were subjected to fear expression or fear extinction as described above (5 s no-stimulus interval). Mice were returned to the home cage after a 120 s no-stimulus consolidation period. To provide an immediate-early gene control group, mice (n ϭ 4) were subjected to the same conditioning and extinction procedures as the fear expression group with the exception that there was no US during conditioning. Freezing was measured as an index of fear (Blanchard and Blanchard, 1969) , manually scored based on DVD recordings of the duration of the CS (120 s), defined as no visible movement except that required for respiration, and converted to a percentage [(duration of freezing within the CS/total time of the CS) ϫ 100] by a trained observer blind to the animal treatment.
Experiment 2: ITC neural activation pattern after extinction retrieval. In these experiments, we used a slightly stronger conditioning protocol to obtain greater fear expression (Hefner et al., 2008) and thus a pronounced difference in between-session extinction. Mice were subjected to a similar fear conditioning protocol as described above, in which however the number of pairings was increased from three to five and the footshock intensity from 0.6 to 0.7 mA. Also, the duration of the CS was increased (from 30 to 120 s). Twenty-four hours after 15 CS extinction training, extinction retrieval was tested in context B. After a 120 s acclimation period, mice received one CS presentation, followed by a 120 s no-stimulus consolidation period before the mice were returned to the home cage.
Immediate-early gene quantification. Mice were killed 2 h after the start of the fear expression, fear extinction, and extinction retrieval sessions in accordance with previous studies (Hefner et al., 2008) . Mice were deeply anesthetized with an overdose of sodium pentobarbital (200 mg/kg) and transcardially perfused with 20 ml of 0.9% saline, followed by 20 ml of 4% PFA w/v in 0.1 mol/L PB, pH 7.4. Brains were then removed, postfixed at 4°C overnight in the same fixative, and sectioned in the coronal plane at 40 m thickness on a vibratome (VT1000S; Leica Microsystems). Free-floating sections were processed for Zif268 immunoreactivity (IR) as described previously (Hefner et al., 2008) . The number of Zif268-positive neurons in ITCs was quantified at bregma Ϫ1.58 mm. 
Statistical analysis
Data are expressed as mean Ϯ SEM. When data were distributed normally (Shapiro-Wilk test), statistical differences between groups were determined using unpaired Student's t test or ANOVA as appropriate. Alternatively, nonparametric tests were used as indicated. All behavioral data were analyzed using ANOVA, with repeated measures for CS when required, followed by Bonferroni's post hoc analysis. Zif268 expression was analyzed using ANOVA, followed by Bonferroni's post hoc analysis. Differences were considered to be significant at p Ͻ 0.05.
Cluster analysis
For each reconstructed ITC neuron, the total amount of axon present in the intermediate capsule, paracapsular and lateral (CEc/l) and CEm subdivisions of the central nucleus of the amygdala (CEA), BLA, and ansa lenticularis (AL) has been calculated by the image analysis software MethaMorph (Methamorph Offline, version 7.5.6.0; MDS Analytical Technologies). The indicated bregma position of ITC neurons is referred to the section containing the major portion of the soma and evaluated compared with the mouse brain atlas of Paxinos and Franklin (2001) . For cluster analysis, we used the Euclidean distance followed by the minimum variance ward algorithm embedded in Matlab (MathWorks). The lowest (Ͼ1) number of final clusters was determined as the one that provided a robust inconsistency coefficient value. The same procedure applied on random samples of data did not result in the allocation of ITC neurons in different clusters (i.e., the same neurons remained grouped together, independently of the sample size). 
Results
The mouse amygdala contains distinct ITC clusters Despite the fact that several studies have reported the spatial distribution of ITCs in both rat and mouse (Alheid et al., 1995; Marowsky et al., 2005) , no systematic analysis to date has tried to recognize their different components/clusters. We thus used several different histochemical and immunocytochemical stains ( (Fig. 1 A, B , Table 2 ). As shown in Figure 1 , all identified ITC clusters displayed opioid receptor (OR) (Fig. 1C ) (Likhtik et al., 2008) , GABA A receptor ␣3 subunit (Fig. 1 E) (Marowsky et al., 2004) , and FoxP2 ( Fig. 1G ) (Kaoru et al., 2010) IR as well as intense labeling for GABA (Fig. 1 H) . Conversely, IR for tyrosine hydroxylase (TH) appeared highly dishomogeneous with the caudal part of the IN nearly lacking labeling for TH (Fig.  1 D) . The IMG contained few scattered neurons displaying the same staining pattern of other ITC clusters. Our volume measurement of the BLA (0.758 Ϯ 0.039 mm 3 ) was consistent with a previous study (von Bohlen und Halbach and Unsicker, 2002) , and, as expected, we found small volume variability of distinct ITC clusters and other amygdaloid nuclei among three genetically identical C57BL6/N mouse brains (Table  2) . On the whole, the ITC clusters were found to take up a total volume of 0.129 Ϯ 0.012 mm 3 , thus representing ϳ17% of the BLA and ϳ45% of the CEA.
ITC neurons have heterogeneous axonal projections and differ from CEc neurons
To establish whether all ITC neurons within the Imp cluster have similar extrinsic connectivity, morphological properties, and electrophysiological responses, patch-clamp recordings and filling with biocytin were performed from the somata of 160 neurons presumed to be within the intermediate capsule. Of these cells, we recovered 107 neurons, and, after precise anatomical localization, 69 were confirmed as ITC neurons with the soma in the Imp, anterior paracapsular cluster (Iap), or IMG. Of the remaining filled and recorded neurons, 21 were positioned in the CEc and 13 in the BLA, and four were located in the amygdalastriatum transition zone. All filled ITC neurons were medium spiny and displayed the characteristic bipolar shape with primary dendrites oriented parallel to the main axis of the intermediate capsule (Fig. 2 A) . Several electrophysiological responses of the recorded ITC cells were elicited to study their passive and active membrane properties. Consistent with our previous report (Geracitano et al., 2007) , these neurons exhibited relatively high input resistance (Ͼ400 M⍀), maximal firing frequency up to 30 Hz with limited adaptation, and moderate action potential width (Fig. 2 B) . Given the spatial contiguity and common subpallial origin of Imp neurons and neurons with the soma located in the CEc (Waclaw et al., 2010) , we next examined whether the latter cells could be erroneously identified as ITC neurons. CEc neurons were mostly (Ͼ80%) multipolar with densely spiny dendrites, shorter than those of Imp neurons and primarily confined within the CEc subdivision. Their axons were also mainly contained within the boundaries of this nuclear subdivision (Fig.  3 A, B) , although some branches could be seen entering the intermediate and lateral subdivisions of the CEA or to leave the nucleus either ventrally or dorsally. When comparing the physiological properties, Imp neurons showed a significantly higher input resistance ( p Ͻ 0.01, Mann-Whitney test) and lower membrane capacitance ( p Ͻ 0.01, Mann-Whitney test), whereas all other measured passive membrane properties were similar (Table 3 ). The lower input resistance measured for CEc cells might be explained by a larger soma, but no significant differences were detected in the cell maximal and minimal diameter nor in the volume of CEc compared with Imp neurons (Table 3) . Imp neurons also showed longer spike duration ( p Ͻ 0.05, unpaired t test) and a less negative afterhyperpolarization ( p Ͻ 0.01, unpaired t test) than CEc cells. Both the anatomical and the physiological features obtained in mice are consistent with previous descriptions of CEc/l neurons in other species (Royer et al., 1999; Chieng et al., 2006) . Altogether, our findings suggest that Imp neurons differ from CEc neurons in several important morphological and physiological features, therefore dispelling potential reservations of a misclassification. Full reconstruction by camera lucida of the ITC neurons, for which extensive axonal trees were recovered (n ϭ 53), was performed to thoroughly examine the pattern of their axonal projections. A substantial heterogeneity was revealed with many neurons (n ϭ 20) projecting their axons along the intermediate capsule in which they often gave rise to two branches, one innervating the IN and the other turning more medially toward the medial amygdaloid nucleus. The axonal projection of other cells (n ϭ 8) ran along the dorsomedial border of the CEA toward the internal capsule and reached the AL, in which numerous varicosities and terminal branchlets could be observed. In contrast, many other Imp neurons had axonal ramifications predominantly within the CEc (n ϭ 16) with some collaterals reaching the CEm (n ϭ 5). Some neurons were also observed to send axonal branches in the intra-amygdaloid division of the bed nucleus of the stria terminalis (n ϭ 2), within the BLA (n ϭ 6), into the interstitial nucleus of the posterior limb of the anterior commissure (n ϭ 5), or even coursing through the striatum. Nearly every ITC neuron possessed dense axonal ramifications within the Imp/Iap.
The Imp contains three distinct neuronal classes differing in their axonal projections
For each reconstructed Imp/Iap neuron, we quantified the respective axonal length in different intra-and extra-amygdaloid nuclei/regions. To assess whether ITC neurons can be objectively divided into well-defined subpopulations based on their axonal pattern and/or electrophysiological responses, we then performed exploratory correlation analyses followed by unsupervised clustering. The reliability of the unsupervised methods was assessed by cross-validation and bootstrap resampling. Two ITC neurons were excluded from the cluster analysis because the slice did not contain the CEm. The cluster analysis identified three main Imp/Iap subpopulations (Fig. 4 A; Table 4 ), which we termed, based on the predominant axonal arborizations, as medial capsular-projecting (MCp), sublenticular-projecting (SLp), and CEA-projecting (Cp) neurons. In particular, MCp-Imp neurons (n ϭ 17) densely innervated other cells within the same cluster and had a major axonal branch directed ventrally along the main axis of the intermediate capsule to reach the IN (Fig.  4 B) . Sixteen cells were classified as SLp-Imp neurons, eight of which gave rise to a primary axonal branch traveling along the dorsal border of the CEA to reach the AL (Fig. 4C) . Cp-Imp neurons (n ϭ 18) were characterized by their rich innervation of the CEc/l and in some cases of the CEm (Fig. 4 D) . As summarized in Table 5 , neurons in the three groups did not display significant differences in their active and passive membrane electrophysiological responses, apart from the membrane between MCpImp and Cp-Imp (ANOVA, post hoc Bonferroni's test, p Ͻ 0.01).
Intrinsic connectivity between Imp and IN
We then set out to determine whether MCp-Imp neurons are functionally connected with and might exert an inhibitory influence on the IN. At first, we analyzed by serial sectioning-electron microscopy whether axon terminals of biocytin-filled MCp-Imp neurons form synaptic contacts within the IN. Twelve filled boutons, of the 24 examined, were found to establish symmetric synapses with dendritic profiles of IN neurons (Fig. 5 A, B) . For the other terminals, no detectable active zone could be identified. We then performed a series of in vitro electrophysiological experiments in which a monopolar electrode was placed in the inter- mediate capsule, and recordings were performed in the IN (anatomically confirmed after the electrophysiological experiments), in the presence of 3 mM kynurenic acid to block excitatory transmission. Functional monosynaptic connectivity was detected in two of six cells, from six different slices. The evoked IPSCs were mediated through GABA A receptors (Fig. 5C 1 ) , because they were completely and reversibly abolished by the GABA A receptor antagonist bicuculline (5 M). Different stimulation intensities were used to generate an input-output curve of IPSCs (Fig. 5C 2 ) . These results provide firm functional evidence for a direct intrinsic inhibitory control of a subpopulation of Imp neurons over the IN.
Postsynaptic targets of Imp neurons
Next, we examined further the postsynaptic targets of biocytinfilled Imp/Iap axon terminals in the CEc, CEm, and AL. As expected, all the synapses established by filled boutons were symmetric. In CEc, of 12 axon terminals of MCp neurons analyzed, nine established synapses with small-diameter dendrites (Fig. 6 A) and three with somata. In the CEm, a clear synapse could be detected for only eight terminals of 25 and exclusively on dendritic shafts (Fig. 6 B) , which would indicate a more efficient inhibition of CEc then CEm neurons. In the AL (n ϭ 16), the postsynaptic targets of SLp-Imp neurons were both somata (n ϭ 3) and dendrites (n ϭ 5) (Fig. 6C) .
We have observed that several large neurons surrounding the ITC clusters displayed IR for the calcium binding proteins parvalbumin and calbindin or the neurotransmitter receptors neurokinin 1 and metabotropic glutamate 1␣ (mGlu1␣). In particular, neurons immunolabeled for the mGlu1␣ receptor showed very large somata and long and thick primary dendrites that encircled all ITC clusters (Fig.  7A ). To detect whether cells expressing the above markers could represent local postsynaptic targets of medium-sized ITC neurons, double-fluorescence immunolabeling was performed combining Cy3-conjugated streptavidin, to reveal the filled axon, with specific antibodies for these markers, before processing the recorded sections for electron microscopy. Putative synaptic contacts were observed only between filled axons of two MCpImp neurons and mGlu1␣ receptorimmunopositive dendrites (Fig. 7 B, C) . For one of the recorded neurons, we then confirmed at the ultrastructural level that the filled axon indeed formed a symmetric synapse with an mGlu1␣ receptorimmunolabeled dendritic shaft (Fig. 7D) . To establish whether these mGlu1␣ receptor-expressing neurons use GABA as neurotransmitter, we examined in GAD65-GFP mice the coexpression of GFP with mGlu1␣ receptor (Fig. 7E) and performed double-immunofluorescence experiments for GABA and mGlu1␣ receptors (Fig. 7F ) . Both approaches indicate that these neurons do not possess GABAergic markers in their soma, in agreement with previous studies on large ITC neurons (Nitecka and Ben-Ari, 1987; McDonald and Augustine, 1993; Paré and Smith, 1994) .
Different fear states induce the activation of distinct ITC clusters
The direct inhibitory control of the Imp onto the IN would indicate a reverse pattern of activation of the two clusters under fear states that may differentially engage them. To test this hypothesis, we compared the expression of the immediate early gene Zif268 in coronal slices of the amygdala obtained from mice that were previously subjected to fear conditioning (n ϭ 6) versus mice that were fear conditioned and trained on extinction the following day (n ϭ 6). An additional group of mice (n ϭ 4), which did not receive the US during conditioning, served as control. During fear conditioning, the fear expression and fear extinction groups Figure 6 . Cp-Imp and SLp-Imp neurons establish inhibitory type II synapses on their target neurons. A1-A3, Micrographs of serial ultrathin sections for electron microscopy showing two labeled axon terminals (arrows) in the CEc. A4, Larger magnification of one of these boutons making a symmetric synapse (arrowhead) with a dendritic shaft. B, Symmetric synapse between a labeled axonal terminal of a Cp-Imp neuron and a dendrite of a CEm neuron. C, Serial sections of a biocytin-labeled axon terminal of an SLp-Imp neuron in the AL. d, Dendrite; lt, labeled terminal; ut, unlabeled terminal. Scale bars: A1-A3, 1 m; A4-C, 500 nm.
showed a significantly higher freezing to the CS during the third pairing between the CS and US compared with the control group (ANOVA, F (4,26) ϭ 17.97, p Ͻ 0.001; Bonferroni's test, p Ͻ 0.05), which displayed negligible freezing (Ͻ5%). No difference in freezing to the CS was observed between fear expression and fear extinction groups during CS-US pairings (Fig. 8 A) . Extinction training produced a significant reduction in freezing responses (ANOVA, F (14, 70) ϭ 20.44, p Ͻ 0.001) after the sixth presentation (ANOVA, Bonferroni's test, p Ͻ 0.05). Pre-CS values remained very low in all groups (Ͻ3%), which demonstrated the high discrimination of context B versus context A. Fear-related CS exposure enhanced Zif268 expression only in the Imp (ANOVA, F (2,13) ϭ 8.01, Bonferroni's test, p Ͻ 0.01), whereas after fear extinction both the Imp (Bonferroni's test, p Ͻ 0.01) and IN (ANOVA, F (2,13) ϭ 11.62, Bonferroni's test, p Ͻ 0.05) showed higher number of Zif268-expressing neurons compared with the unconditioned control group (Fig. 8 B-D) . In another set of experiments, we then analyzed whether the retrieval of extinction also differently recruits these ITC clusters. As expected, a significant effect of CS on freezing were observed in fear conditioned mice (n ϭ 6), which displayed increased freezing during conditioning (ANOVA, F (4, 20) ϭ 66.90, p Ͻ 0.001) and reduction of freezing during extinction training session (ANOVA, F (14, 70) ϭ 45.94, p Ͻ 0.001). In comparison, no significant effects of CS were observed during conditioning (ANOVA, p ϭ 0.999) or extinction training (ANOVA, p ϭ 0.999) in unconditioned mice (CS-only) (n ϭ 4). Extinction retrieval in conditioned mice revealed a significantly lower fear expression compared with fear recall (Wilcoxon's test, p Ͻ 0.05) (Fig. 8 E) . Pre-CS values remained very low in all groups (Ͻ5% freezing in conditioned and unconditioned mice). The number of Zif268-positive cells was significantly increased in the IN after extinction retrieval (ANOVA, F (1, 8) ϭ 50.492, p Ͻ 0.001), whereas no changes were observed in the Imp compared with the unconditioned group (ANOVA, p ϭ 0.854) (Fig. 8 F, G) .
Discussion
In the present work, we provide evidence for the differential recruitment in fear expression and retrieval of extinction of two distinct ITC clusters located within the intermediate capsule, namely the Imp and IN. We also show that this differential activation, measured as Zif268 expression, is likely attributable to a direct regulatory control of the Imp over the IN through GABAergic monosynaptic connections. Through detailed structural analysis of Imp neurons, we demonstrate the existence of three distinct cell classes characterized by axonal projections targeting different brain areas. Indeed, one of these neuronal subtypes, termed MCp-Imp, specifically and directly innervates the IN. Furthermore, we found that MCpImp neurons establish a novel intra-ITC connection with large neurons expressing mGlu1␣ receptors; this network resembles the circuit between striatal and type II pallidal neurons within the basal ganglia.
Heterogeneity and classification of Imp neurons
By combining whole-cell patch-clamp recording and biocytin labeling with full anatomical reconstruction and unsupervised cluster analysis, we were able to demonstrate that the Imp/Iap clusters are composed of at least three distinct neuronal subtypes with highly divergent axonal patterns, as shown schematically in Pre-embedding immunoelectron microscopy confirmed that the observed contact is indeed a symmetric synapse (arrowhead). In the ITCs, the soma of neurons containing mGlu1␣ receptors do not express GABA as revealed by the lack of colabeling between mGlu1␣ receptor (in red) and GFP (in green) in GAD65-GFP transgenic mice (E) or between mGlu1␣ receptor (in green) and GABA (in red) (F ). ld, Labeled dendrite; lt, labeled terminal. Scale bars: A, 100 m; B, 50 m; C, 15 m; D, 500 nm; E, F, 50 m. Figure 9 . Our polythetic classification of Imp neurons thus leads to the emergence of a much more complex picture for ITC networks. We also demonstrate that Imp neurons differ both anatomically and physiologically from CEc neurons, emphasizing the distinctiveness of these cells from other neurons of the amygdala. Our findings corroborate the view that the ITCs represent, at least cytoarchitectonically, a ventral extension of the basal ganglia (Millhouse, 1986) . Although the ITCs are operationally independent from the basal ganglia, they appear to share the same functional units and modular organization, e.g., the medium-sized spiny ITC neurons equating those of the striatum and the large neurons with those of the globus pallidus, because they also express mGlu1␣ receptors (Ferraguti et al., 2008) . Striatal and ITC neurons may also have a common developmental origin as indeed suggested by the similar expression of transcription factors characterizing the lateral ganglionic eminence (Kaoru et al., 2010; Waclaw et al., 2010) , from which they both migrate.
SLp-Imp neurons project outside the amygdala to cholinergic forebrain areas
The newly identified SLp-Imp neurons send projections to the AL in which their axons made, along their course, en passant synapses and also emitted short terminal branchlets contacting the somata and dendrites of neurons of the interstitial nucleus of the AL. It is plausible that these axons further extend to other areas, most likely to the cholinergic basal forebrain (Paré and Smith, 1994) , although this could not be proven because of the limited thickness of acute slices. However, the interstitial nucleus of the AL can be considered part of the basal forebrain, the primary source of cholinergic inputs to the basal nucleus of amygdala (BA) (Carlsen and Heimer, 1986) . Similarly to the nucleus basalis magnocellularis, it is composed of cholinergic and GABAergic neurons. This projection might reduce the cholinergic tone in the BA and cortex and contribute to the inhibition of fear memories retrieval and fear expression (Myers and Davis, 2002 ) via a different pathway from those to the CEA and IN.
MCp-Imp neurons selectively target the IN and mediate a novel intra-ITC GABAergic connection
MCp-Imp cells send a main axonal branch to the IN and form symmetric synapses with dendrites of neurons in this cluster. There- fore, our data provide firm functional evidence for a direct intrinsic inhibitory control of MCp-Imp neurons over the IN, and this inhibition itself should be able to prevent activity in the targeted cells within the IN. The result that only in ϳ30% of the cases we could elicit IPSCs in the IN after stimulation in the Imp is consistent with the ratio of MCp-Imp neurons (ϳ33%) and the rather sparse nature of their axonal branches in the IN. Our data further revealed that MCp-Imp neurons establish a novel intra-ITC GABAergic connection with large mGlu1␣ receptor-containing neurons, which are found along the edge of the densely packed clusters of medium spiny ITC neurons and are to be considered ITC neurons themselves. Previous Golgi studies noted the presence of these large neurons (Millhouse, 1986 ) but could not establish their participation to a specific network.
Cp-Imp neurons provide a major GABAergic projection to the CEA Among the three main Imp/Iap subpopulations, the Cp-Imp neurons provide the densest projection to the CEA, in concordance with previous tract tracing studies in the cat Smith, 1993, 1994) and thus integrate them in the feedforward disinhibitory circuit targeting the CEm. However, our data indicate that Cp-Imp cells primarily target CEc/l rather than CEm neurons, although this could reflect a limited recovery of axonal branches reaching the CEm in acute slices. CEm output is tightly controlled by local inhibition from CEc/l (Cassell et al., 1999) . We can thus postulate, although by oversimplification, that CpImp neurons inhibit CEc/l, resulting in disinhibition of CEm (Fig. 9) . Because ITC cells have a high firing rate with limited spike frequency accommodation (Royer et al., 2000; Marowsky et al., 2005; Geracitano et al., 2007) , e.g., compared with CEc neurons, they are likely to exert a strong tonic inhibitory influence on their recipient neurons. However, the CEc/l consists of a heterogeneous population of local inhibitory neurons with distinct inputs and outputs and, as a result, with distinct roles in shaping CEm output activity. Therefore, additional characterization of the target/s of Cp-Imp neurons in the CEA is warranted.
Distinct role of ITC clusters in different fear states
The recruitment of ITC neurons by BLA and infralimbic cortex (IL) was proposed to account for the inhibition of CEm neurons and hence of fear expression after extinction training (Milad and Quirk, 2002; Burgos-Robles et al., 2007; Jüngling et al., 2008; Sotres-Bayon et al., 2008; Amano et al., 2010) . Ablation of ITC neurons within the intermediate capsule after extinction training caused a marked deficit in extinction retrieval (Likhtik et al., 2008) , providing decisive evidence for the involvement of these neurons for the expression of extinction. However, the critical issue of how distinct ITC clusters in the intermediate capsule contribute to accomplish a synaptic inhibition of CEm neurons remained unresolved. Here, we found that Imp and IN are differentially activated during different fear states and that the IN, active during extinction and extinction retrieval, is under direct inhibitory control from the Imp through projections from MCpImp neurons, as schematically shown in the diagrams in Figure 9 . Our findings are consistent with the postulated (Paré et al., 2004; Pape and Paré, 2010) hierarchical and unidirectional control between ITC clusters and also indicate that they have a precise functional specialization in fear learning.
The concurrent activation of both the Imp and IN after extinction acquisition would appear at odds with a differential recruitment of these clusters in diverse fear states. This may be explained by the relatively short interval between the representation of the first CS, which triggers once more the conditioned response, and the completion of the extinction protocol. Because of this narrow temporal window, the induction of Zif268 expression could be attributable to either fear recall or extinction learning (Fig. 9) . Because extinction recall did not engage the Imp, it can be surmised that its activation associates to fear expression and not extinction. However, the role of the Imp may not be confined only to fear expression. In fact, SLp-Imp neurons through inhibition of the cholinergic basal forebrain may switch the fear response from freezing to risk assessment and exploration (Gozzi et al., 2010) . Likewise, Cp-Imp neurons may provide an important inhibitory drive onto CEc/l neurons and in turn affect the output of CEm neurons. How the different Imp neurons might influence behavioral transitions requires additional experimental clarification, although the temporal sequence and source of activation of these neurons might be critical factors (Royer et al., 1999 (Royer et al., , 2000 Royer and Paré, 2002) . In this respect, besides a potential divergence in the efferent projections of the Figure 9 . ITC neurons mediate multiple inhibitory circuits in the amygdala during fear conditioning and extinction. A, Three distinct classes of ITC neurons have been observed in the Imp: (1) MCp-Imp cells (blue circle) directly inhibiting neurons of the IN and large mGlu1␣-IR ITC neurons (purple circle) and perhaps sending an axonal branch to the ME; (2) Cp-Imp neurons (green circle) projecting to the CEA; and (3) SLp-Imp cells (red circle) targeting the AL or the nucleus basalis of Meinert (B). During fear conditioning, the selective activation (measured as increased Zif268 expression and schematically shown here as the cluster colored in red) of the Imp by the lateral nucleus of amygdala after CS-US pairings, triggers feedforward inhibition in the IN (shown in light blue) and CEc/l. This leads to the disinhibition of CEm output neurons. B, During fear extinction training, the initial presentation of the CS (light blue dashed arrow) produces fear recall and an ensuing activation of the Imp. Conversely, the persistent presentation of the CS alone (white arrow) leads to the activation of the IN. Therefore, both clusters appear activated because the temporal window of Zif268 activation (Ͼ1 h) exceeds the time gap (520 s) between the first and the last (15th) CS exposure. C, During extinction retrieval, only the IN is active, which in turn inhibits the CEm and fear expression. Imp-CEm connections have been shown recently (Mańko et al., 2011) . Dashed lines represent pathways that are yet not fully characterized. LA, Lateral nucleus of amygdala; ME, medial nucleus.
Imp and IN (Royer et al., 1999; Mánko et al., 2011) , these two clusters most likely integrate different inputs. In fact, lateral nucleus of amygdala and BA send strong topographically organized inputs to the Imp (Pitkanen and Amaral, 1994; Royer et al., 1999; Jüngling et al., 2008) and IN (Royer et al., 1999) , respectively. Likewise, areas outside the amygdala, such as the IL (McDonald et al., 1996; Pinto and Sesack, 2008) , provide different input densities to these clusters. Here, we also observed that the Imp receives denser TH-positive innervation compared with the IN, at least in its intra-amygdala component.
It remains to be elucidated how distinct ITCs cooperate to subside fear with other neuronal networks engaged by extinction-mediated mechanisms (Herry et al., 2008) . Particularly interesting in this respect is the recent finding that extinction-related enhancement in the efficacy of excitatory synaptic transmission at BLA-ITC synapses is dependent on IL activity during extinction training (Amano et al., 2010) . In fact, it is attractive to speculate that changes in synaptic activity at discrete inputs to distinct ITC neurons/clusters (Royer and Paré, 2002; Jüngling et al., 2008 ) have a dual function to trigger either inhibition or disinhibition of downstream ITCs depending on the behavioral state.
Conclusions
The potential to dynamically shape incoming and outgoing information to and from the amygdala through a variety of pathways and control mechanisms, puts ITCs in an ideal position to modulate fear expression and extinction, and identifies them as a prime target for pharmacological manipulation for the treatment of anxiety disorders.
